Dopamine neurons in the ventral tegmental area (VTA) influence learned behaviors and neuropsychiatric diseases including addiction. The stress peptide corticotrophin-releasing factor (CRF) contributes to relapse to drug and alcohol seeking following withdrawal, although the cellular actions are poorly understood. In this study, we show that presynaptic CRF type 1 receptors (CRF-R1) potentiate GABA release onto mouse VTA dopamine neurons via a PKC-Ca 2+ signaling mechanism. In naive animals, activation of CRF-R1 by bath application of CRF or ethanol enhanced GABA A inhibitory postsynaptic currents (IPSCs). Following 3 days of withdrawal from four weekly cycles of chronic intermittent ethanol (CIE) vapor exposure, spontaneous IPSC frequency was enhanced while CRF and ethanol potentiation of IPSCs was intact. However, withdrawal for 3 weeks or more was associated with reduced spontaneous IPSC frequency and diminished CRF and ethanol responses. Long-term withdrawal was also accompanied by decreased sensitivity to the CB1 receptor agonist WIN55212 as well as greatly enhanced sensitivity to the CB1 antagonist AM251. Inclusion of BAPTA in the internal recording solution restored the responsiveness to CRF or ethanol and reduced the potentiating actions of AM251. Together, these data suggest that GABA A inhibition of VTA dopamine neurons is regulated by presynaptic actions of CRF and endocannabinoids and that long-term withdrawal from CIE treatment enhances endocannabinoid-mediated inhibition, thereby suppressing CRF facilitation of GABA release. Such findings have implications for understanding the impact of chronic alcohol on stress-related, dopamine-mediated alcohol-seeking behaviors.
INTRODUCTION
Maladaptive changes in the mesocorticolimbic reward system contribute to neuropsychiatric disorders, including addiction [1, 2] . Both stress and drugs of abuse (including alcohol) target reward pathways, originating from dopamine neurons in the ventral tegmental area (VTA) [3, 4] . The transition from moderate controlled drinking to heavy drinking often involves intermittent bouts of binge consumption of ethanol, culminating in dependence [5] . Acute administration of ethanol increases dopamine release from mesolimbic terminals [6] [7] [8] . Excessive alcohol consumption is a stressor that dysregulates brain reward systems, including the VTA [5] .
Converging evidence shows that the stress hormone corticotropin-releasing factor (CRF) modulates dependenceinduced ethanol (EtOH) intake and that CRF signaling itself becomes dysregulated [9] . CRF activates two G protein-coupled receptors, type 1 (CRF-R1) and 2 (CRF-R2), reported to couple both protein kinase A (PKA) and protein kinase C (PKC) signaling cascades [10, 11] . In the rodent VTA, CRF + immunoreactive glutamate and GABA axon terminals synapse onto tyrosine hydroxylase-positive dopamine neurons [12] . Also, nhanced CRF-R1-mediated signaling in the VTA is required for excessive ethanol consumption in rodents [13, 14] .
Intra-VTA infusions of CRF-R1 antagonists decreased intermittent ethanol intake in stressed and non-stressed mice [13] . Although the VTA CRF-R1 action coincides temporally with repeated withdrawal, CRF-R2 likely also plays a role [15] . Systemic administration of CRF-R1 antagonists that reduce selfadministration in rats also reduce the withdrawal-induced enhancement of GABA release when infused locally into the CeA [16, 17] . In the VTA, activation of GABA A receptors are known to limit dopamine cell bursting [18] and suppression of GABA A transmission switches dopaminergic neurons into a burst firing pattern [19] [20] [21] . However, the regulation of GABA release in the VTA by CRF-R1 before or during alcohol dependence is, by comparison to the central nucleus of the amygdala (CeA), less well understood.
Understanding the interaction between CRF-R1 and EtOH on GABA VTA terminals is also interesting considering the link between ethanol and the endocannabinoid (type 1 cannabinoid (CB1) receptor) regulation of VTA GABA release. Acute administration of ethanol [6, 8] or a CB1 agonist [22] enhances the activity of VTA dopamine neurons and dopamine levels in the nucleus accumbens [23, 24] . Conversely, CB1 receptor antagonists decrease both the ethanol-related voluntary intake in rodents [25] [26] [27] and increases accumbal dopamine levels [28] . Such ethanol actions are absent in CB1 knockout mice [29] . Because the acute withdrawal from ethanol robustly elevates endocannabinoid production [30] , the role of CRF-R1 on GABA transmission (and by association VTA output) may be altered during alcohol dependence.
Here we test the hypothesis that in VTA dopamine neurons, CRF regulates GABA A transmission through a presynaptic mechanism and prior ethanol dependence alters this relationship through a functional change involving endocannabinoids. To evaluate these points, we first examined the acute actions of CRF on GABA release in the VTA in brain tissue of naive mice and identify a presynaptic CRF-R1-mediated mechanism involving PKC and intracellular calcium stores that facilitates GABA release onto VTA DA neurons. Second, we treated mice with repeated cycles of chronic intermittent ethanol (CIE) vapor exposure, a wellestablished rodent model of alcohol dependence known to generate recurring surges of CRF [31] . We then showed that in the weeks following CIE exposure, CRF action is suppressed by a persistent functional enhancement of endocannabinoid-mediated CB1 receptor inhibition at VTA GABA synapses. This resulting shift in the opposing (facilitatory and suppressive) systems that regulate dopamine neuron activity would tend to favor VTA output. Together, these data demonstrate an enduring adaptation that is distinct from the classic somatic withdrawal symptoms that typically recede in 48 h [32] and may play a key role in alcohol addiction.
MATERIALS AND METHODS

Slices and solutions
All experiments were conducted according to the National Institutes of Health (NIH) Guidelines for the Care and Use of Laboratory Animals. Horizontal brain slices (220 µm) of the ventral midbrain were prepared from adult (P60-P160) male C57BL-6J mice as described previously [33] . Slices were cut using a Vibratome (Leica) in ice-cold artificial cerebrospinal fluid (ACSF) containing 126 mM NaCl, 2.5 mM KCl, 1.2 mM MgCl 2 , 2.4 mM CaCl 2 , 1.4 mM NaH 2 PO 4 , 25 mM NaHCO 3 , 11 mM D-glucose and 0.4 mM ascorbate, and MK-801 (0.01 mM). Slices were stored in oxygenated (95% O 2 -5% CO 2 ; 33°C) ACSF containing MK-801 (0.01 mM). Electrophysiological recordings were performed at 33°C
. The perfusion rate of oxygenated ACSF (95% O 2 -5% CO 2 ) was 2 ml/min. Neurons were visualized with an Olympus BX51WI (Olympus) microscope.
Whole-cell recordings
The identification of VTA dopamine cells was based on prior experiences using tyrosine hydroxylase (TH)-GFP mice. In horizontal mouse sections (Supplemental Fig. 1 ), the VTA was identified as the region medial to the medial terminal nucleus of the accessory optic tract (MT) and substantia nigra compacta. Otherwise recordings were performed on putative dopamine neurons in brain slices as described previously [34] using Axopatch 700B amplifier (Axon Instruments). Recordings were collected using AxoGraph X (AxoGraph), filtered (1-2 kHz) and digitized (2-5 kHz). Neurons were voltage clamped at −60 mV using 1.5-2.0 MΩ pipettes. Unless otherwise noted, pipette internal solution contained in mM: 57 KCl, 57 K-methylsulfate, 20 NaCl, 1.5 MgCl 2 , 5 HEPES, 0.1 EGTA, 2 mM ATP, 0.3 mM GTP, and 10 phosphocreatine (pH 7.3; 265-270 mOsm). Series resistance (3-10 MΩ) was compensated at 80%.
Putative dopamine neurons were identified by: large cell bodies (20 µm), pacemaker-like firing (1-5 Hz), an I h current (>300 pA), and a mGluR/sK channel-mediated current observed only in dopamine neurons in midbrain slices [35] . An immunocytochemical study in C57BL-6J mice using tyrosine hydroxylase (TH), the rate-limiting enzyme in dopamine synthesis, indicated the I h is predictive of dopamine content [36] . We acknowledge topographical differences exist between VTA neurons, but these were not examined in these studies.
Cells were visualized using a 60× water-immersion objective on an upright microscope (Olympus America). Inhibitory postsynaptic currents (IPSCs) were recorded at~30% of maximal amplitude and isolated pharmacologically with NBQX (3 µM), SCH-23390 (1 µM), CGP-55845 (10 µM), and sulpiride (200 nM). Miniature IPSCs (mIPSCs) were recorded in the presence of tetrodotoxin (TTX; 200 nM). The spontaneous IPSC (sIPSC) and mIPSC amplitudes and inter-event interval times were measured with Axograph X. CRF-R1/R2 antagonists were incubated (10-15 min) prior to application of CRF. The paired pulse protocol was applied with a 50 ms interval (0.2 ms duration, 0.06 Hz). Drugs CRF (human/rat), UCN (rat), and UCN-3 (human) were obtained from American Peptide (Sunnyvale, CA). All other compounds were obtained from Tocris Bioscience (Minneapolis, MN) or Abcam (Cambridge, MA). An ethanol concentration (50 mM; Sigma Aldrich) was selected for its relevance to previous work [37] .
Ethanol treatment Experiments using ethanol-and air-treated mice were performed in age-matched animals. Because increased ethanol drinking after CIE is only observed in males [38] , females were not investigated in this study. Treated animals were subjected to CIE exposure model as described previously [31, [39] [40] [41] [42] [43] . Briefly, ethanol (CIE) mice received pyrazole (1 mmol/kg) plus a loading dose of ethanol (3 g/kg) prior to entering the CIE chamber each day during four exposures (16 h/day, 4 days on, and 72 h off) of ethanol exposure in custom inhalation chambers. Ethanol vapor concentrations were monitored daily to ensure stable blood ethanol concentration levels (BEC: 175-225 mg/dl assessed weekly) [41] . Air-exposed (control) mice received pyrazole before entering the cambers and were exposed to control (air) inhalation conditions. After 4 weeks of treatment, mice were removed from the vapor chambers and returned to their home cage. The repeated exposure to ethanol results in somatic withdrawal symptoms that recede in~48 h [32] . Mice were killed 3 (short-term withdrawal) or 25-45 days (longterm withdrawal) following the final ethanol or air exposure for tissue collection.
Statistical analysis Data were analyzed offline on a Macintosh computer (Apple) using AxoGraph X (AxoGraph X) and Chart (AD Instruments). Data are presented as the mean ± SEM and analyzed using t-tests (paired and unpaired) or analysis of variance (ANOVA) (one-way or two-way) followed by Dunnett's post hoc in Prism (GraphPad). Differences were considered significant if p < 0.05.
RESULTS
CRF potentiates GABA A receptor-mediated IPSCs via presynaptic CRF-R1
We recorded stimulus-evoked GABA A -mediated inhibitory postsynaptic currents (eIPSCs) from VTA dopamine neurons in acute brain slices from C57BL-6J mice. The concentration dependence of two non-selective agonists (CRF and UCN) and one CRF-R2 agonist (UCN-3) were evaluated after 10 min of bath application, over a range of 10-300 nM (Fig. 1a) . Both CRF and UCN potentiated the amplitude of eIPSCs with near maximal effects at 200 nM ( Fig. 1a ; CRF: t (12) = 20.19, p < 0.0001 relative to baseline; UCN: t (10) = 26.01, p < 0.0001 relative to baseline). UCN-3 had no measurable effect on eIPSCs (Fig. 1a, 200 nM UCN-3: t (8) = 1.148, p = 0.1884 relative to baseline). The half-maximal effective concentration (EC 50 ) for CRF and UCN was 34 nM and 41 nM, respectively (Fig. 1a) . At 300 nM, CRF also caused a persistent inward current (8.1 ± 3.1 pA), consistent with previous reports [44] . At the end of the experiments, the GABA A receptor antagonist picrotoxin (picro, 100 µM) was applied to confirm the specificity of GABA A receptormediated currents (Fig. 1a) .
To assess whether the CRF acted at a pre-or postsynaptic site, we recorded paired pulse ratios (PPRs, IPSC2/IPSC1, Fig. 1b) . PPRs correlate inversely with release probability [45] . CRF (300 nM) increased the amplitude of the first eIPSC (Fig. 1b, S1 , paired t-test t (6) = 9.625, p < 0.0001), with little measurable change in the second eIPSC (Fig. 1b, S2 , paired t-test t (6) = 0.7661, p = 0.2663). This resulted in a significant decrease in the PPR in the presence of CRF (Fig. 1b inset, paired t-test, t (6) = 8.2601, p = 0.0002), thus suggesting a presynaptic locus for CRF actions on GABA A eIPSCs.
As other modifications of short-term plasticity can alter the PPR independent of changes in release probability [46] , we confirmed b CRF (300 nM) increased the amplitude of the first eIPSC (S1), with little measurable change in the second eIPSC (S2). Inset shows the first eIPSCs (S1) normalized to the second eIPSC (S2). CRF significantly decreased the paired pulse ratio (PPR; IPSC2/IPSC1, ***p < 0.001. c CRF (300 nM) enhances the frequency of spontaneous IPSCs (sIPSCs). Inset shows magnification of sIPSCs. Both UCN and CRF increased the frequency of sIPCS relative to their baseline (***p < 0.001). d, e The CRF (300 nM) potentiation is blocked by co-application of (e) CRF-R1 antagonists (CP154156 (CP154) or antalarmin (AA), but not (d) CRF-R2 antagonists (K41498 (K414) or astressin-2B (A2B) (*p < 0.05). f The CRF (300 nM) shift in the PPR is reduced by CRF-R1 blockers (CP154 or AA), but not CRF-R2 blockers (K414 or A2B). One-way ANOVA, *p < 0.05 vs CRF alone (Dunnett's post test). g The CRF (200 nM) enhancement of sIPSC frequency is prevented by co-application of CRF-R1 blockers (CP154 or AA), but not CRF-R2 blockers (K414 or A2B). One-way ANOVA, ***p < 0.001 vs CRF alone (Dunnett's post test). a-g Number of cells/mice per group: a CRF 13/7; UCN 11/6, UCN-3 9/4 for both timelines and concentration-response curves; b 7/4; c 7/5, d, e K414 9/5, A2B 9/5, CP154 8/4, AA 7/3; f 7/3-4 per group; g CRF+K414 7/4, and the following groups contained 8-9/4-5: UCN+A2B, CRF+A2B, CRF+CP154, and CRF+AA a presynaptic locus of CRF action measuring the frequency and amplitude of sIPSCs and mIPSCs. CRF or UCN increased the sIPSC frequency in all cells tested ( Fig. 1c ; CRF: t (7) = 4.567, p = 0.0003; UCN: t (7) = 4.324, p = 0.0003). Similar increases were observed with CRF on mIPSC recordings (medium containing 200 nM TTX; CRF: 68.8% ± 4.26% increase relative to baseline; t (7) = 5.885, p = 0.0023). CRF did not alter sIPSC or mIPSC amplitudes (sIPSCs: 5.56% ± 4.6%, t (14) = 0.03597, p = 0.4860; mIPSCs: 2.94% ± 11.13%, t (7) = 0.5172, p = 0.3105). Taken together, these results indicate a presynaptic action of CRF on GABA synapses on to VTA DA neurons.
CRF potentiation of GABA A receptor-mediated IPSCs requires CRF-R1 To assess whether the CRF facilitation of GABA A currents was mediated by CRF-R1 or -R2, CRF was applied in the presence of blockers for CRF-R1 (300 nM CP154156, CP154; 200 nM antalarmin (AA)) or CRF-R2 (300 nM K41498, K414; 200 nM astressin-2B (A2B)). Slices were incubated with antagonists 10 min prior to and during CRF challenges. The resulting changes in evoked currents, the PPR, and the frequency of sIPSCs was examined.
Neither of the CRF-R2 blockers, K414 or A2B, prevented the CRF potentiation of eIPSCs ( Fig. 1d ; CRF + K414: t (6) = 3.564, p = 0.0121; CRF + A2B: t (7) = 4.234, p = 0.0223). However, coapplication of the CRF-R1 antagonists CP154 or AA blocked the CRF increase of eIPSCs ( Fig. 1e ; CRF + CP154 t (5) = 0.03185, p = 0.5241; CRF+AA: t (7) = 0.02354, p = 0.7123). To verify that these effects were mediated by presynaptic CRF-R1, we evaluated the PPR (Fig. 1f ) and sIPSC frequency (Fig. 1g ) in the presence of selective CRF receptor antagonists. A one-way between-subject ANOVA evaluating the effects of the four antagonists on the CRFmediated changes in the PPR (Fig. 1f ) or in the frequency of sIPSC (Fig. 1g ) indicated significant differences at the p < 0.05 level (PPR F (4, 22) = 3.884, p = 0.0156; frequency F (4, 64) = 13.16, p < 0.0001). Separate post hoc tests (multiple comparisons Dunnett's) revealed that the CRF changes in the PPR (Fig. 1f) were absent when blocking CRF-R1 with CP154 (p = 0.9997) or AA (p = 0.9745), but were observed during co-application of the CRF-R2 blockers K414 (p = 0.0137) or A2B (p = 0.0413). Post hoc tests revealed that the CRF changes in frequency (Fig. 1g ) followed the same pattern: CRF changes were absent when blocking CRF-R1 with CP154 (p = 0.9831) or AA (p = 0.7991), but observed during coapplication of the CRF-R2 blockers K414 (p < 0.0001) or A2B (p < 0.001). Thus, presynaptic CRF-R1 receptors regulate GABA release.
The possibility that endogenous release of CRF tonically activates CRF receptors was also tested using selective antagonists. Application of either of the CRF-R1 or CRF-R2 antagonists alone, without CRF, produced no measurable change in eIPSCs (one-way ANOVA, F (4, 41) = 0.3584, p = 0.8367), nor in the frequency of sIPSCs (one-way ANOVA F (4, 30) = 0.0194, p = 0.9618), suggesting the absence of a measurable tone on CRF receptors in slices prepared from naive mice. Together, the results from the PPR studies and sIPSC/mIPSC recordings are consistent with a presynaptic action of CRF via CRF-R1 on GABA synapses on to VTA DA neurons.
CRF-R1 acts through PKC and calcium-induced calcium release CRF receptors couple to the Gs alpha subunit to activate adenylyl cyclase, as well as the Gq alpha subunit to activate PLC-PKC [47] . To better understand the intracellular pathway regulating the CRF potentiation of GABA onto dopamine (DA) cells, we evaluated eIPSCs during co-manipulation of CRF-R1 and the PKC enzyme.
As previously shown, CRF increased the amplitude of eIPSCs ( Fig. 2a ; t (9) = 4.6327, p = 0.0143) and these responses were further potentiated by phorbol-ester-dybutyrate (PDBU), an activator of PKC ( Fig. 2a ; t (7) = 4.1032, p = 0.0178). However, if PDBU (1 µM) was applied first, application of CRF (300 nM) produced no additional increase in eIPSC amplitude (Fig. 2b) . The lack of a CRF action in the presence of PDBU was not due to a ceiling effect of maximal chloride conductance, because at the end of the experiment a more intense synaptic stimulation (~35%) further increased the inward current (158.4% ± 51.6% relative to baseline, t (2) = 16.99, p = 0.0017). The PDBU potentiation of eIPSC amplitude was not reduced by the CRF-R1 antagonist K41498 (PDBU vs PDBu + K414: 0.56% ± 11.7%, t (5) = 0.3577, p < 0.3676), suggesting an activation of PKC activity downstream of CRF-R1.
To corroborate that PKC may be involved in this response, we performed similar experiments in the presence of various PKC or PKA inhibitors. Experiments performed using an internal solution containing the selective, non-membrane permeable pseudosubstrate blocker of PKC, PKC 19-36 (5 µM internal solution; infusion >20 min) [48] showed that CRF still potentiated eIPSCs, suggesting an action independent of postsynaptic PKC ( Fig. 2a ; t (5) = 4.2340, p = 0.0117). However, treatment of slices with chelerythrine (chele: 1 μM, >30 min), which has been reported to inhibit the catalytic subunit of PKC [49, 50] , did block the effects of both CRF and the PKC activator PDBU on eIPSCs ( Fig. 2a ; CRF +chele t (7) = 0.03016, p = 0.5781) [49] . Although this suggests that CRF may enhance GABA A IPSCs via a presynaptic PKC-dependent mechanism, chelerythrine is not universally accepted to be a PKC inhibitor and has other actions unrelated to PKC [51] [52] [53] [54] . So, caution is warranted. However, we noted that incubation with the membrane permeant PKA inhibitor H89 (10 μM; >30 min incubation; present during recording) did not prevent the CRF potentiation of IPSCs ( Fig. 2c ; t (4) = 4.0124, p = 0.0223). If indeed the CRF-R1 action in mice is PKC dependent, then this would differ from the CRF-R2/PKA-dependent mechanism we previously observed in rats [34] .
Neuropeptides can regulate transmitter release by a kinasedependent mobilization of calcium release from intracellular stores [47] . Accordingly, we observed that depletion of stores by incubating slices (>15 min) with cyclopiazonic acid (CPA; 10 µM) reduced the CRF facilitation of mIPSC frequency (29.2% ± 2.84% decrease relative to pre-CPA; t (9) = 10.89, p < 0.0001), but not the amplitude (mIPSC amplitudes 9.26% ± 13.12% decrease relative to baseline, t (9) = 0.5246, p = 0.3063). As the frequency of the recordable mIPSCs decreased with CPA, we confirmed the results by also measuring sIPSCs. Slices were treated with CPA, thapsigargin (5 µM), ryanodine, caffeine, or 2-APB (Fig. 2d) -drugs that either block IP3/ryanodine receptors or deplete calcium stores [55] [56] [57] . Because the frequency of sIPSCs varied considerably between slices/cells even under control conditions without antagonist (range 4-8 Hz, mean 4.39 ± 0.43 Hz), we determined the CRF-related increase in the frequency within cells before CRF (in the presence of the antagonist) and during CRF. A one-way between-subject ANOVA comparing CRF responses in the presence of the antagonists indicated significant differences ( Fig. 2d; F (6, 45) 16.21, p < 0.0001). Post hoc tests (multiple comparisons Dunnett's) indicated the change was significant for all the compounds ( Fig. 2d ; p < 0.0001 all drugs, except cadmium; cadmium, p < 0.006). A summary of the frequency and amplitude of sIPSCs with different treatments is shown in Table 1 . The observation that these different treatments all reduced the CRF action on sIPSCs (Fig. 2d) , indicates a need for functional calcium stores. It was notable that treatment with the non-selective calcium channel blocker cadmium reduced, but did not block, the CRF action on sIPSCs (Fig. 2d) . Thus, although CRF facilitation does not require extracellular calcium, calcium entering through voltage-gated calcium channels likely potentiates the calcium release from intracellular stores (calcium-induced calcium release) [55] .
Reduced CRF and EtOH effects on GABA A currents after long-term withdrawal from CIE exposure Similar to other brain regions, ethanol can enhance GABA release onto VTA dopamine cells [58, 59] . Using VTA slices from naive mice, we measured the frequency of GABA A IPSCs during ethanol application (50 mM; 10 min) and confirmed that the potentiation also occurs under our recording conditions ( Fig. 3a; t (5) = 5.733, p = 0.0023). The ethanol action may require CRF-R1 and the release of calcium from intracellular stores, as observed in other brain regions [37] , and so we wondered if this also occurs in the VTA. To evaluate this, we measured the ethanol enhancement of sIPSC frequency in slices from naive mice during bath application of: (1) ethanol, (2) ethanol plus the CRF-R1 antagonist CP154, or (3) ethanol plus CRF. A one-way ANOVA comparing responses under these conditions indicated no significant differences ( Fig. 3a; F CIE exposure produces dependence and robustly activates CRF stress systems [31, 39, 41] . So, we predicted that CIE treatment (Fig. 3b) would also alter the GABA A responses to CRF and ethanol. To test this, we prepared VTA slices from mice to evaluate the air or CIE treatments under two conditions: short-term (ST) withdrawal of 72 h or a long-term (LT) withdrawal of 20-45 days. We recorded basal frequency of sIPSCs (in Hz) in the ST and LT groups (Fig. 3c, d ) and found a significant interaction between treatment and time (two-way ANOVA, F (1, 21) = 4.457, p = 0.0469; post hoc Dunnett's multiple comparison test: ST-vs LT-CIE p = 0.0007, STvs LT-air p = 0.7219). A summary of the frequency and amplitude of sIPSCs with different treatments is shown in Table 1 . This suggests that the CIE-induced change in basal release of GABA is temporary: During the ST withdrawal periods, the frequency of sIPSCs increase, whereas during LT withdrawal periods, the spontaneous release of GABA decreases toward control levels.
It was not clear whether the decrease in sIPSCs represented an active change or simply recovery from the acute effects of CIE. On this basis, we examined the actions of CRF and ethanol on sIPSCs starting with the ST withdrawal group. A two-way ANOVA revealed no significant differences in response to CRF or ethanol for sIPSCs ( CPA cyclopiazonic acid (10 µM), 2APB 2-aminoethoxy-diphenyl-borate (10 µM), Thaps thapsigargin (5 µM), RyR ryanodine (50 µM), caff caffeine (10 mM), Cad cadmium (300 µM), ST-air short-term air, LT-air long-term air, ST-CIE short-term CIE, LT-CIE long-term CIE Mean ± SEM
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drug (F (1, 20) = 1.14, p = 0.2984)), nor for eIPSCs (treatment (F (1, 20) = 0.3054, p = 0.5866), drug (F (1, 20) = 0.1761, p = 0.6792); interaction of treatment × drug (F (1, 20) = 0.0026, p = 0.9625)). This suggests that during ST withdrawal, the mechanisms that facilitate GABA release remains functional. However, a similar comparison after LT withdrawal did reveal differences in the ability of CRF and ethanol to alter the frequency of sIPSCs (Fig. 3c, f) . For sIPSCs, a two-way ANOVA showed a significant effect of treatment (F (1, 17) = 142.2, p < 0.0001), but not drug (F (1, 17) = 0.8148, p = 0.3793) or interaction (F (1, 17) = 1.15, p = 0.2986). As a point of control, additional experiments were performed measuring eIPSCs and a two-way ANOVA of eIPSCs also revealed an effect of treatment (F (1, 17) = 10.64, p < 0.0046), but not drug (F (1, 17) = 0.03609, p = 0.8516 or interaction (F (1, 17) = 0.1804, p = 0.6764). Thus, the actions of CRF and alcohol on the release of GABA appear similar, but measurably change following LT withdrawal from CIE treatments.
CB1-mediated inhibition opposes the actions of CRF
To determine the signaling mechanism underlying the blunted CRF and ethanol modulation of GABA A currents after 20-45 days of withdrawal from CIE treatment, we retested the response to CRF and the PKC activator PDBU using eIPSCs, as they are easily discernable due to their large size. While CRF and PDBU responses in LT-air mice were robust ( Fig. 4a ; CRF: t (6) = 3.3810, p = 0.0221, PDBU: t (4) = 03.6542, p = 0.0323) and resembled those in naive tissue as noted previously, no increase was observed in response to PDBU in slices from LT-CIE mice ( Fig. 4a ; CRF: t (6) = 0.3415, p = 0.3524, PDBU: t (5) = 0.2153, p = 0.2972). Although acute somatic withdrawal from alcohol is known to increase the synthesis of CRF [60] , no evidence of a ceiling effect, nor a CRF tone, was observed, as application of the CRF-R1 antagonist alone produced no significant change in eIPSCs during LT withdrawal (CP154156 (300 nM): 4.95 ± 1.98% increase relative to baseline; t (3) = 0.6470, p = 0.2819). Thus, during LT withdrawal, CRF-R1 did not seem to be tonically activated and some other functional adaptation must emerge in the weeks following chronic ethanol exposure that limits the ability of CRF, ethanol, and PKC-to facilitate GABAergic neurotransmission.
We and others have shown that activation of CB1 receptors can suppress VTA GABA release [61, 62] , and in amygdala neurons this reverses the facilitation produced by acute exposure to ethanol [16] . Consistent with these reports, we noted that application of the CB1 agonist WIN55212 (1 μM) alone in slices from LT-air mice significantly decreased eIPSCs and subsequent co-application of CRF (300 nM) reversed this action of WIN55212 (Supplemental Fig. 2 ; WIN: 52.8% ± 4.97% decrease relative to baseline; t (4) = 4.085, p = 0.0075; WIN + CRF, 43.6% ± 3.85% increase relative to WIN alone t (4) = 3.918, p = 0.0139). The same concentrations of WIN55212 reversed the CRF (300 nM) potentiation of Opposing actions of CRF-R1 and CB1 receptors on VTA-GABAergic... BA Harlan et al.
eIPSCs in LT-air controls ( Fig. 4b ; pre-CRF vs CRF + WIN: t (4) = 0.25465, p = 0.4701). In contrast, in slices from LT-CIE mice, neither CRF nor co-application of WIN55212 with CRF measurably changed IPSC amplitudes ( Fig. 4b ; CRF, t (4) = 0.2314, p = 0.3138; WIN, t (5) = 0.2834, p = 0.3807).
To determine if the diminished actions of CRF and WIN55212 in LT-CIE mice reflected an enhancement of endocannabinoid CB1 receptor inhibition, we measured the effects of CB1R antagonist AM251 (1 μM) on eIPSCs. In control LT-air tissue, AM251 produced no change in eIPSC amplitudes when applied after CRF ( Fig. 4c ; t (6) = 0.2128, p = 0.3781), suggesting the CRF potentiation of eIPSC amplitude was not restricted by inhibitory tone on CB1 receptors under control conditions. Bath application of AM251 (1 μM) alone in the LT-air control group produced no measurable change in eIPSCs (AM251: 8.67% ± 6.13% increase relative to baseline; t (6) = 0.3408, p = 0.7449). This finding with VTA GABA A IPSCs is consistent with our previous published findings by us and others indicating the absence of CB1 receptor tone in drug-naive animals [61, 63] . In tissue from LT-CIE mice, as noted above, CRF applied alone produced no change in IPSC amplitude ( Fig. 4c ; t (6) = 0.2128, p = 0.3781). However, application of the CB1 antagonist AM251 in the presence of CRF produced a robust enhancement of eIPSC amplitude ( Fig. 4c ; t (6) = 32.01, p < 0.0001). This suggests that LT withdrawal from CIE treatment is associated with a functional enhancement of CB1 inhibition on GABA synapses of VTA DA neurons. This CB1-mediated tone blocks subsequent modulation of GABA release by CRF or ethanol and may explain the reduction in the basal frequency of sIPSCs observed in Fig. 3d .
As endocannabinoid synthesis requires increases in intracellular calcium in the postsynaptic neuron [64] , we tested whether chelating intracellular calcium post-synaptically in the recorded DA neuron would restore CRF and PDBU sensitivity in LT-CIE tissue. Under normal recording conditions (0.1 mM EGTA) in LT-CIE tissue, CRF and PdBU produced minimal changes in eIPSC amplitude (Fig. 4d) . In contrast, when recording with an internal solution containing the fast calcium chelator BAPTA (1 mM), both CRF and PDBU enhanced eIPSC amplitude (Fig. 4d) . A two-way ANOVA that revealed a significant effect of treatment (internal chelator; F (1, 16) = 51.92, p < 0.0001), but not for drug (F (1, 16) = 3.892, p = 0.0660) or interaction (F (1, 16) = 2.126, p = 0.1641). Thus, chelation of intracellular calcium in the postsynaptic neurons of LT-CIE mice restored the ability of bath applied CRF, which acts on the presynaptic CRF-R1, to potentiate GABA A IPSCs.
As a final test that the LT-CIE treatment functionally enhanced endocannabinoid activity at VTA GABA synapses, we measured changes in the amplitude of eIPSCs in the presence of AM251 under normal recording conditions (0.1 mM EGTA) or altered Ca 2+ chelation conditions (BAPTA). In the absence of CRF, AM251 again produced a robust increase in eIPSC amplitude in LT withdrawal (Fig. 4e) . We observed that the AM251 potentiation of eIPSCs Fig. 4 The reduction in CRF-R1 activity during LT withdrawal from CIE is associated with enhanced CB1 receptor-mediated inhibition. a Sample eIPSCs traces and summary data showing reduced responding to CRF (300 nM) and PDBU (1 µM) in neurons from CIE treated mice. b,c Sample eIPSCs traces and summary data showing LT-CIE cells are (b) less sensitive to CRF (300 nM) and the CB1 agonist WIN55212 (WIN; 1 µM) but (c) more sensitive to the CB1 antagonist AM251 (1 µM). In (b), note the WIN-related reversal of the CRF potentiation in the air controls. d,e Sample eIPSCs traces and summary data illustrating that enhanced calcium buffering (1 mM BAPTA vs 0.1 mM EGTA in the recording solution) in postsynaptic LT-CIE cells rescues the (d) CRF (300 nM) and PDBU (1 mM) mediated increase in eIPSC amplitude (Two-way ANOVA, ***p < 0.0001 for effect of treatment (internal chelator)),as well as reduces the sensitivity to the (e) CB1 receptor antagonist AM251 (***p < 0.0001). f Schematic of proposed mechanism of CRF regulation of GABA release onto VTA dopamine neurons during LT withdrawal following CIE. Left, in controls, presynaptic CRF-R1 facilitates the release of GABA onto GABA A receptors via PKC mediated recruitment of intracellular calcium. During LT withdrawal from CIE, enhancement of endocannabinoid (eCB) inhibition opposes the CRF action. Chelation of intracellular calcium with BAPTA in the dopamine neuron reduces eCB synthesis, reducing the CB1-mediated suppression of the presynaptic CRF dependent mechanism. under normal recording conditions was greatly reduced by inclusion of BAPTA in the recording electrode ( Fig. 4e ; t (9) =4.975, p = 0.0008). Taken together, these results show in the weeks following cessation of CIE treatment, the presynaptic CRF-R1-mediated plasticity, typically operative at VTA GABA terminals, is suppressed by a functional enhancement of endocannabinoidactivated CB1 receptors (Fig. 4f) .
DISCUSSION
We previously reported that in rats activation of presynaptic CRF-R2 facilitated GABA release, and could indirectly reduce glutamate transmission, onto VTA dopamine cells by stimulating presynaptic GABA B receptors [34] . Here we show in mice that CRF increases VTA GABA release via CRF-R1. Acute alcohol produced a similar action [58, 65] and we showed that CRF-R1 antagonism did not prevent alcohol-induced GABA release. Short-term withdrawal from chronic ethanol exposure did not affect the acute actions of CRF or ethanol, but in subsequent weeks the emergence of endocannabinoid inhibition suppressed the CRF potentiation of GABA release. Such a functional rearrangement of GABAergic inhibition would predictably increase the responsiveness of mesolimbic dopamine neurons to excitatory inputs and this hyper-responsiveness could contribute to long-term vulnerability to relapse following chronic ethanol exposure. In addition to new information about CB1 receptor activation following CIE, this work highlights the differential regulation of GABA between two species and shows an effect of CRF-R1 that has been reported in other regions but not the VTA [66] [67] [68] [69] .
Presynaptic CRF-R1 facilitates GABA release We found that CRF altered the PPR and the frequency of sIPSCs/ mIPSCs via GABA A receptors. CRF activated PKC and presynaptic intracellular calcium stores, which serve as reservoirs for release machinery [70] . Calcium entry via voltage-gated calcium channels (VGCC) further augments the release of neurotransmitter [71] . Blockade of VGCCs reduces the frequency of IPSCs [71] and the CRF facilitation in the VTA. However, only manipulation of ryanodine and IP3 receptors abolished the CRF action, indicating that VGCCs amplify CRF-mediated calcium release from stores [55] . Because calcium stores integrate electrical and chemical signals, these CRF pathways are likely necessary for correctly encoding synaptic plasticity in dopamine neurons [55, 72] . CRF G protein-coupled receptors (GPCRs) can activate adenylyl cyclase (AC) as well as PKA and PKC, and the intracellular second messenger cyclic adenosine monophosphate, and thus increase levels of free intracellular calcium (for review see refs. [73] [74] [75] ). A CRF-R1/PKC action on GABA release also exists in the prefrontal cortex [67] and the amygdala [76] . In contrast, in rats, we previously observed that CRF-R2 facilitated GABA release onto VTA dopamine cells, indicating a potentially important species difference [34] . Our findings here add the VTA to the growing list of CRF neuromodulations, via both inhibitory (D2 and GABA-B, mGluRs, M1-mAChRs) [34, 44, 75, 77] and excitatory (N-methyl-Daspartate (NMDA); hyperpolarization-activated cyclic nucleotidegated cation (HCN)) [36, 78] mechanisms.
CRF and EtOH regulation of GABA release Alcohol-induced inhibition has previously been reported in the VTA, substantia nigra, basolateral amygdala, brainstem, cerebellum, and hippocampus of naive rodents [37] . Although we did not determine the direct site of action for alcohol, the PKC/PKA/Ca 2+ signaling pathway is likely involved, as other VTA reports have already shown that acute alcohol increases GABA frequency via 5-HT(2C) receptors, independent of GABA-B and D1-dopamine receptors [58] . Alcohol also increased GABA release in cerebellar interneurons through PKA, PKC, and intracellular calcium pathways, and in the amygdala via PKC [37] . In our study, CRF-R1 antagonism did not prevent alcohol-induced GABA release in the VTA of naive mice (as previously described in the CeA [79] ), nor did pretreatment with acute CRF yield additive increases with ethanol in naive mice . This suggests a convergence of the alcohol and CRF signaling system downstream of the CRF-R1 receptor. Future work must determine if alcohol and CRF actions in the VTA shared a common PKC mechanism [76] .
Changes following CIE Following a history of alcohol dependence and withdrawal, CRF expression is upregulated in the long-term in multiple brain areas for a period that outlast the brief heightened hypothalamic-pituitary-adrenal axis activation [5] . We found that basal GABA release was enhanced after brief withdrawal from chronic ethanol exposure, compared to age-matched air control mice, suggesting greater local inhibition of VTA neurons in alcohol-dependent mice. This may be an action of ethanol common to both the VTA and CeA, as CeA showed similar responses in intoxicated rodents immediately following CIE [17, 80] . However, regional specificity of ethanol's long-term effects on GABA release exist, since 24 h after CIE, GABA release in the dorsal raphe was reduced, but more sensitized to alcohol [81] . Ethanolinduced GABA release in air control mice was consistent with published VTA and amygdala studies [58, 65, 82] and similar to CRF-induced GABA release. Our observation that acute CRF and alcohol stimulated GABA release in alcohol-dependent mice to a similar magnitude as in naive rats indicates a lack of functional tolerance to acute alcohol or CRF actions at VTA-GABAergic synapses. A similar lack of tolerance to alcohol was reported in the CeA of ethanol-intoxicated animals immediately after exposure to CIE treatment (5-7 weeks) [80] . This also means that the previously reported changes in CRF-R1 synthesis, expression, and internalization in other regions were presumably either minimal in the VTA or were resolved after 3 days of withdrawal [83, 84] .
Following protracted withdrawal, this scenario reversed: basal GABA release normalized in the VTA of alcohol-dependent mice. Moreover, acute CRF or alcohol-induced GABA release was suppressed in the VTA of alcohol-dependent mice relative to air controls, indicating an emergent adaptation in VTA-GABAergic synapses to protracted withdrawal. Besides CRF-R1, other GPCRs have been implicated in alcohol-induced CeA GABA release, including the CB1 receptor [37] . We found that co-application of a CB1 agonist reversed the acute CRF-induced GABA release in air control mice, suggesting opposing actions of these two neuromodulators at VTA GABA terminals under baseline conditions. In contrast, CRF no longer induced GABA release, nor did ethanol or the PKC activator PDBU, after long-term withdrawal from CIE. The CB1 receptor agonist also did not alter GABA release after longterm withdrawal from CIE. Application of an antagonist for CB1 receptors produced robust increases in GABA responses after long-term withdrawal, which was not seen in matched air controls. These findings suggest the emergence of an endocannabinoid tone during protracted withdrawal from CIE, given that: (1) chelation of calcium with BAPTA in the postsynaptic membrane reduced the actions of the CB1 antagonist on GABA IPSCs and restored the CRF-induced GABA release in a manner that is conventional for endocannabinoids [64] , (2) the CB1 agonist was ineffective in altering GABA release, and (3) a CB1 antagonist robustly potentiated GABA release in the presence of CRF.
These results coincide with known actions of repeated exposure to ethanol on CB1 receptor inhibition, evoking a transient downregulation of CB1 followed by a long-term upregulation including increased levels of endogenous cannabinoids [85] [86] [87] [88] and studies showing CB1 knockout animals are less sensitive to acute actions of ethanol-associated adaptations [89, 90] . A more complex role of CB1 receptor inhibition in alcohol-associated changes in the CeA has also been reported [91] . Future studies should identify which endocannabinoid mediates this action, whether changes in presynaptic GABA responses induced by acute alcohol are also restored after calcium chelation, and to what extent the function of other GPCRs are impacted.
Functional implications and caveats
Stress plays a pivotal role in alcohol misuse and the magnitude of CRF release during this period determines subsequent stress responsiveness to incentivize excessive drinking [5] . During the weeks or months following the binge-like exposure to ethanol associated with the CIE model [92] the repeated transient homeostatic alterations in CRF signaling eventually stabilize at a new allostatic state [5, 37] . The neuroregulation of GABAergic plasticity in the VTA is crucial for burst firing in dopaminergic neurons [21, 93] and shifts in an enduring manner in the weeks following CIE. The ability of CRF-R1 to potentiate GABA release is suppressed and superseded by a dominating CB1 receptor inhibition of GABA release, which would predictably favor VTA output [94] . In non-dependent animals, the ethanol enhancement of VTA GABA release onto inhibitory GABA A receptors is typically sufficient to overcome the direct stimulatory effect of ethanol on DA neuron activity [58, 65] . After repeated alcohol misuse and dependence, a problematic imbalance arises, potentially contributing to sensitizing the VTA to excitatory stimuli thus contributing to the relapse of alcohol seeking. In the short term, this may contribute to the initial withdrawal associated with CNS hyperexcitability that peaks around 24 h. However, recent evidence shows that protracted abstinence is also associated with elevated anxiety, dysphoria, negative affect, craving, and drug relapse [95] . In mice these withdrawal-related changes in emotional states can last 3 weeks [96] and may promote the high levels of alcohol intake associated with escalated drinking in mice [97, 98] .
Although in the current study, we observed long-lasting functional changes in GABA plasticity following CIE exposure in male mice, it remains to be determined whether similar changes extend to females that do not show increased drinking after CIE treatments [38] . Previous studies suggest gender differences would also be anticipated for stress-alcohol interactions. In the CeA, neurons from female rats show reduced sensitivity to acute bath applied alcohol relative to cells from male rats [99] . Likewise, in female mice, stress decreases alcohol intake [100] and human females experience less craving and behavioral arousal in response to alcohol cues than human males [101] . Although we did not examine the contribution of the CRF-binding protein, CIE exposure is known to decrease the expression of CRF-binding protein mRNA to promote increased CRF signaling and alcohol seeking [102, 103] . Future studies are needed to address the role of the CRF binding protein in the dysregulation of GABA inhibition of VTA dopamine neurons following long-term withdrawal from ethanol.
Third, although the neurons we sampled presumably contribute to drug use/seeking and some portion of this population innervates the accumbens [104, 105] , the architecture of the VTA is complex. The topography of the sampled dopamine neurons was not determined [106] and CRF and cannabinoids reportedly exert region-specific actions [107] [108] [109] . Lastly, the CB1 antagonist AM251 possesses inverse agonists properties [110] and we cannot rule out the possibility that allosteric modulation of CB1 receptors contributes to our measured responses or the ability of these compounds to decrease the reinforcing properties of alcohol consumption in rodents [25, [111] [112] [113] . Collectively, these studies are expected to enhance our understanding of CRF-R1 and CB1 plasticity in the VTA and contribute to the development of better treatments for relapse to alcohol seeking.
